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SUMMARY

Amrinone is a non-glycoside positive inotropic agent with an inhibitory effect on a cyclic adenosine
monophosphate (AMP) phosphodiesterase isoenzyme. In the present study, we examined the
immunosuppressive action of amrinone, since several other cyclic AMP-elevating agents have been
shown to suppress T lymphocyte activation. First, the in vivo effects of amrinone were investigated.
Oral amrinone treatment, at 40 mg/kg per day, significantly prolonged median cardiac allograft
survival compared with non-treated controls (22-0 days versus 10-5 days, P< 0-01) when DBA/2
mouse hearts (H-2d) were heterotopically transplanted into C57B1/6 mice (H-2b). Histopatho-
logical examination showed that there was less prominent cellular infiltration in the amrinone-
treated than in the non-treated allografts. Plasma amrinone concentrations of mice after a single
oral dose of 40 mg/kg were within the range of clinical relevance. To clarify the mechanism of
action, in vitro studies were done. The generation of specific cytotoxic T lymphocytes after mixed
lymphocyte culture was significantly suppressed by addition of amrinone to the culture medium at
5,ug/ml. The production of IL-2 and the interferon-gamma during mixed lymphocyte culture was

also suppressed by amrinone at 5 ag/ml. However, the level of intracellular cyclic AMP in mouse
splenic lymphocytes was not affected significantly by the same dose of amrinone. In conclusion,
amrinone has immunosuppressive actions at the therapeutic doses, and it may be a beneficial agent
for therapy against acute cardiac allograft rejection.
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INTRODUCTION

Amrinone, 5-amino-3,4'-bipyridine-6(1H)-one, is a non-glyco-
side cardiotonic agent with positive inotropic properties in the
mammalian cardiac muscles [1-3]. Previous studies have sug-
gested that the drug exerts its positive inotropic effect through
inhibition of the cyclic adenosine monophosphate (cAMP)
phosphodiesterase (PDE)-III [4,5].

Amrinone was developed to provide orally administered
positive inotropic therapy in the management of chronic
heart failure. However, long-term oral administration of the
drug, as well as having limited clinical effectiveness, has been
shown to elicit a considerable number of intolerable side effects
including gastrointestinal complaints, liver dysfunction, and
thrombocytopenia [6]. On the other hand, the short-term i.v.
use of the drug provides acute beneficial haemodynamic
changes in patients with heart failure [7-9]. Because of the
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clinical results, further development of the orally administered
form of amrinone was stopped, whereas the i.v. form was
approved for clinical use [10].
From the 1980s, it has been suggested that amrinone has

possible target cells other than cardiac myocytes. For instance,
the inhibiting effect of amrinone on platelets is well known.
Thrombocytopenia has been shown to occur in 15-20% of
patients treated orally, although it has been reported in only
2-4% of patients with short-term parenteral therapy [8]. In
addition, macrophages and neutrophilic leucocytes have been
suspected to be other targets [11,12]; however, possible action
of amrinone on other cells remains to be investigated.

Since many researchers have demonstrated that cAMP-
elevating agents inhibit the proliferation and function of
human Tlymphocytes [13-15], we investigated in the present
study whether amrinone has an immunosuppressive action, and
so may be useful for therapy against acute cardiac allograft
rejection. First, the effects of amrinone on heterotopically
transplanted mouse cardiac allografts were investigated.
Second, to confirm whether the dose of amrinone used in this
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study was appropriate, plasma concentrations of the drug were
measured in mice of the recipent strain. Third, the influence of
amrinone on cytotoxic T lymphocyte activity (CTL) and on the
production of IL-2 and interferon-gamma (IFN--y) in mixed
lymphocyte culture (MLC) was assessed. Finally, the effect of
amrinone on the level of cAMP in mouse splenic lymphocytes
was examined.

MATERIALS AND METHODS

Animals
Adult male DBA/2 (H-2d), C57B1/6 (H-2b), and C3H/He (H-
2k) mice, 7-9 weeks old, were obtained from the Shizuoka
Agricultural Cooperative Association (Shizuoka, Japan). Mice
were housed in stainless steel cages with controlled light/dark
cycles and provided with food and water ad libitum.

Transplantation
DBA/2 mice served as donors and C57B1/6 mice as recipients.
Heterotopic cardiac transplantation was done using a modifi-
cation of the method described by Corry et al. [16]. Ischaemic
time was routinely 45-60 min, with a success rate of approxi-
mately 80%. Technical failures within the first 72 h were
excluded from the experiment. Viability of the cardiac allo-
grafts was assessed by daily abdominal palpation and con-
firmed by electrocardiograms. The day of rejection was defined
as the day of cessation of heartbeat.

Amrinone
Amrinone was generously provided as a pure powder by
Yamanouchi Pharaceutical Co. (Tokyo, Japan). Amrinone
was dissolved in 0 5 N lactic acid, and then diluted with distilled
water to a final concentration of 5 mg/ml. The drug was
administered by transoesophageal gavage as a single daily
dose of 10 or 40 mg/kg, beginning on the day of transplant
and continuing for 60 days when allografts kept beating.

Histopathological examination
The cardiac allografts were harvested on post-transplant day 5
or 10, since our preliminary experiments showed that apparent
cellular infiltration emerged in DBA/2 allografts on post-
transplant day 4 or 5, whereas maximal infiltration was seen
on days 9-11, the period during which the allografts were
totally rejected. Harvested allografts were sectioned transver-
sely at the maximal circumference of the ventricle and fixed in
10% formalin. The graft tissues were embedded in paraffin, and
then stained with haematoxylin and eosin. Histological findings
were scored blindly by two observers who were unaware of any
background data. Cellular infiltration, necrosis, and interstitial
haemorrhage and oedema were graded to determine the sever-
ity using a scale of 0 (none), 1 (trace), 2 (mild), 3 (moderate) and
4 (severe).

Measurement ofplasma concentration of amrinone
To confirm whether the dose ofamrinone used in this study was
appropriate, plasma concentrations of the drug were measured
in mice. Amrinone (40 mg/kg as single dose) was administered
by transoesophageal gavage to male 8-week-old C57B1/6 mice.
The mice were killed and plasma samples were collected 2, 4, 8,
and 24 h after administration. The concentration of amrinone
in plasma was determined by using a high performance liquid

chromatographic (HPLC) method as previously described [17]
at the Bio Medical Laboratory Co. (Tokyo, Japan).

Assay of CTL activity
CTL culture and assay were done as previously described
[18,19]. The spleens of the mice were removed and gently
dissociated into single-cell suspensions in RPMI 1640 (GIBCO,
Grand Island, NY). Erythrocytes were lysed by ACK lysing
buffer (0 15M NH4CI, 1 0mM KHCO3, 0.1 mm Na2EDTA pH
7 4) and removed from the lymphocyte populations by centri-
fugation (25°C, 20 min, 1500g) over a high-density solution of
Lympholyte-M (Cedarlane, Hornby, Ontario, Canada).
Cytoxic effector cells were generated during 5-day incubation
in a bulk culture of 7x 106 splenic C57B1/6 responder cells
(recipient strain) with 5 x 106 DBA/2 stimulators (donor strain)
treated with mitomycin C (25 ,ug/ml; Sigma, St Louis, MO).
Effector activity was determined by adding the cytotoxic cells to
51 Cr-labelled DBA/2 splenic target cells (donor strain) or C3H/
He targets (third party), both ofwhich were pre-stimulated with
l0,ug/ml lipopolysaccharide (LPS; Difco, Detroit, MI) for 2
days. Target cells (1 Xl104) were incubated with the C57B1/6
effector cells in round-bottomed 96-well tissue culture plates in
triplicate. The employed effector:target (E:T) ratios were 100: 1,
50:1 and 25: 1, and the total volume was adjusted to 200 M1 per
well. After incubation at 37°C in 5% CO2 in humidified air for 4
h, 100 k1 of the supernatant were harvested from each well and
radioactivity was measured with an automatic gamma scintilla-
tion counter. Spontaneous release was <30% of the total
incorporated counts. Specific cytotoxicity was calculated as:

= (experimental ct/min- spontaneous ct/min
(maximal ct/min - spontaneous ct/min)
x 100

Maximal ct/min was determined by 0-1% Triton X-100 (Naca-
lai Tesque, Kyoto, Japan) treatment of the 51Cr-labelled target
cells. All cells were cultured in RPMI 1640 with 10% fetal calf
serum (FCS), 100 U/ml penicillin, 100 Jg/ml streptomycin sul-
phate, 50 JIM 2-mercaptoethanol (2-ME), and 2 mm glutamine
(complete RPMI 10). For in vitro use, amrinone was dissolved
in 0 5 N lactic acid and then diluted with distilled water to a final
concentration of 1 mg/ml in 0-025 N lactic acid. The drug was
added to the coculture medium at a concentration of 2 5 or
5,g/ml. Controls were sham treated with the solvent.

Assay of cytokines
The MLC was performed as described above, using a respon-
der:stimulator ratio of 7:5. The total number of lymphocytes
was adjusted to 1 x 107/well. Amrinone was added to the medium
at a concentration of 5,ug/ml. Mouse IL-2 and IFN--y concen-
trations in the culture supernatants were then determined by
specific ELISA kits (Endogen Inc., Boston, MA). The sensitivity
of the kit was > 3 pg/ml for IL-2 and > 15 pg/ml for IFN--y.
Supernatants were collected 12 h and 24 h after incubation.

Measurement ofcAMP content
The level of cAMP in mouse splenocytes was measured by
ELISA. The C57B1/6 mouse splenocytes (1 x 107 cells/ml) were

collected as described above. Cells were incubated for 60 min at
37°C in an Eppendorf tube either with 5 pg/ml amrinone or
with the solvent only. At the end of the incubation period, the
medium was removed and the cells were lysed by addition of

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:186-191

187



T. Hirozane et al.

200 pl cold 6% trichloroacetic acid (TCA), and collected into
another Eppendorf tube. The tube was centrifuged at 15OOg for
10 min. TCA in the supernatant was then removed by extract-
ing three times with three volumes of water-saturated diethyl
ether, and cAMP content was determined by a commercially
available ELISA kit (Amersham, Aylesbury, UK).

Statistical analysis
Statistical analysis of the cardiac graft survival times and levels
of cAMP employed the Mann-Whitney U-test. Scores for
histological findings, cytolytic activities in the CTL assay, and
levels of IL-2 and IFN--y in culture supernatants were com-
pared by one-factor ANOVA, since the data were parametrically
distributed.

RESULTS

Effects of amrinone on cardiac allograft survival
Figure 1 shows the per cent survival of non- and amrinone-
treated allografts. Non-treated C57B1/6 mouse recipients
(n = 6) rejected DBA/2 cardiac allografts with a median survival
time of 10-5 days. Treatment with 10 or 40 mg/kg per day of
amrinone (each n = 6) prolonged median graft survival to 12 or
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Fig. 1. Effect of amrinone on cardiac allograft survival. Oral amrinone
treatment at a dose of 40 mg/kg per day (A) significantly prolonged
cardiac allograft survival (P<0-01 versus non-treated control (0)).
However, treatment with the drug at 10 mg/kg per day (0) resulted in
an insufficient effect (P= NS versus non-treatment control).

Fig. 2. Sections of mouse cardiac allografts. (a) Five-day-old non-treated allograft. (b) Five-day-old amrinone-treated allograft. (c)
Ten-day-old non-treated allograft. (d) Ten-day-old amrinone-treated allograft. Mild interstitial mononuclear cell infiltration was
observed in the 5-day-old allografts, whereas severe cell infiltration, interstitial haemorrhage and oedema, massive necrosis, and
vascular inflammation were seen in the 10-day-old allografts. Interstitial mononuclear cell infiltration seemed to be less prominent in
the amrinone-treated than in the non-treated allografts in each case. Amrinone was administered orally at a dose of 40 mg/kg per day.
(H & E; magnification (a-d) x 200).
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Fig. 3. Histological scores for cardiac allografts. Histological grading
was done as described in Materials and Methods. The scores were based
on allografts harvested on the post-transplantation day 5 (a) and day 10
(b). Each bar represents mean ± s.d. of five or six grafts. P < 0-05 by
ANOVA. *, Control; E], amrinone.

22 days. Graft survival times was significantly prolonged in
mice treated with 40mg/kg per day amrinone (P<0001).
Although slightly prolonged graft survival was observed in
mice treated with 10mg/kg per day, the difference was not
statistically significant.

Histological findings
Histological examination was done on DBA cardiac allografts
transplanted into C57B1/6 mice and harvested on post-
transplantation day 5 or 10. Amrinone was administered
orally at a dose of 40mg/kg per day. As shown in Figs 2a,b,
inflammatory changes observed in the 5-day-old grafts
appeared to be less prominent in the amrinone-treated (n = 5)
than in the non-treated (n= 5) allografts. The 10-day-old
allografts generally displayed more extensive inflammation
than the 5-day-old allografts; however, as shown in Figs
2cd, cellular infiltration was milder in the amrinone-treated
(n =5) than in non-treated allografts (n =6). The results of
histological grading are summarized in Fig. 3a (5-day-old
allografts) and in Fig. 3b (10-day-old allografts). The score

of cellular infiltration was in each case significantly lower in the
amrinone-treated than in the non-treated allografts.

Plasma concentration of amrinone
A single dose of amrinone, at 40mg/kg, was administered by
gavage to non-operated C57B1/6 mice, and then concentrations
of amrinone in plasma were measured. As shown in Table 1,
peak plasma level was observed in samples harvested 2 h after
administration, and values ranged from 2 19 to 3 90 ug/ml. The
half life of the drug seemed to be less than 2 h. Taking into
account that the therapeutic range of amrinone in human
plasma is 066-64 ,ug/ml [9], the dose of 40 mg/kg may well be
regarded as appropriate for mice.
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Fig. 4. Inibition of cytoxic T cell generation by amrinone. Splenocytes
from C57BI/6 mice were stimulated with DBA/2 cells for 5 days, and
then tested against DBA/2 (a) or C3H/He cells (b). The bars represent
cytolytic activity at E:T ratios of 25:1, 50:1 and 100:1. Amrinone, at a

concentration of 2 5 (A) or 5,g/ml (A), was added to the medium
during the 5-day coculture. Control C57BI/6 splenocytes (0) were

sham-treated with the solvent. Non-sensitized effectors (El) were

C57BI/6 splenocytes harvested on the day of cytolytic assay. Values
are expressed as mean ± s.e.m. of triplicate cultures. Similar results
were obtained in two other experiments. *P<005; **P<0001 versus

control by ANOVA.

Effects of amrinone on CTL activity in vitro
To clarify the mechanism of action of amrinone in allograft
rejection, we examined its effects on CTL, measuring specific
lysis of C57B1/6 splenocytes (recipient strain) on DBA/2 sple-
nocytes (donor strain) or on C3H/He splenocytes (third party).
Compared with non-sensitized C57B1/6 cells, the sham-treated
control effector cells showed enhanced lytic activity to DBA/2
target cells after 5-day MLC, whereas effector cells treated with
5 ug/ml of amrinone displayed significantly lower CTL activity
at E:T ratios of 25:1, 50:1 and 100:1 (Fig. 4a). However,
treatment at 2 5 pg/ml failed to suppress lytic activity. These
C57B1/6 effector cells displayed little cytolytic activity when the
target cells were from a third strain (Fig. 4b), suggesting that
the lytic activity induced by MLC was specific to DBA/2
targets. These results indicate that amrinone may well inhibit
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Table 1. Plasma concentrations of amrinone in mice

Time (h) n Concentration (,ug/ml, mean ± s.e.m.)

2 3 2-97+0.53

12 24

Hours

12 24

Hours

4 3.040 -I- 0 _09 Fig. 5. Inibition of cytokine production by amrinone. (a) The concen-

4 3 040 ± 009 tration of IL-2 in the supernatants of mixed lymphocyte cultures was

8 3 <0.10* assayed using an ELISA kit, as described in Materials and Methods.

24 3 <0.10*
The results represent two experiments. Values are. expressed as

mean ± s.e.m. of three mixed lymphocyte cultures. (b) The concen-

Amrinone was administered orally as a single dose of 40 mg/kg. tration of IFN-y in supernatants was similarly assayed. P < 0 05;
*Lower value than the minimal sensitivity (010IMg/ml). **P < 0 01 by ANOVA. *, Control; LI, amrinone.
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Fig. 6. Effect of amrinone on level of cAMP in mouse splenocytes. The
level of cAMP in mouse splenocytes was measured by enzyme immu-
noasssay as described in Materials and Methods. The cells were treated
with 5 fig/ml amrinone or with the solvent. Values are expressed as
mean ± s.e.m. of three experiments.

the generation of CTL activity in vivo at therapeutic plasma
levels.

Effects of amrinone on IL-2 and IFN-'-y production
The concentrations of IL-2 and IFN--y in the supernatants of
allogenic one-way MLC were assayed 12 h and 24 h after
incubation. Amrinone was added to the culture medium at a
concentration of 5,g/ml. As shown in Fig. 5a,b, the levels of
both IL-2 and IFN--y were significantly suppressed by amri-
none at 12 h and 24 h after incubation, with the level of IFN--y
in the amrinone-treated group at 12 h being below kit sensitiv-
ity. The suppressive effect seemed to be more marked on IFN--y
than on IL-2 production.

Effect of amrinone on cAMP of lymphocytes
To confirm whether amrinone exerted an inhibitory effect on
PDE at the concentration used (5 jg/ml), the levels ofcAMP in
mouse splenocytes were measured. As shown in Fig. 6, the
mean level of cAMP in mouse lymphocytes treated with 5 ug/
ml amrinone was approximately 1 5-fold higher than that in
control, but the difference was not statistically significant.

DISCUSSION

The present study has demonstrated that amrinone exerted its
in vitro immunological effects at 5 pg/ml, a concentration
within the therapeutic plasma range. The dose required to
display its in vivo effect, however, needs further elaboration.
A dose of 40mg/kg per day is about 2-4-fold higher than the
dose used in humans for short-term therapy of congestive heart
failure and about 49-8-3-fold higher than that used for therapy
of chronic heart failure [6,7]. However, on the basis of body
surface area, a given dose in mice is comparable to a dose that is
about 12 times lower in humans [20]. Thus, a dose of 40mg/kg
per day in mice is equivalent to a dose of 3-3 mg/kg per day in
humans, a dose within the therapeutic range. The plasma
amrinone concentration measured in mice appears to support
this equivalence.

The principal problem in the present study is that the drug
was administered by the oral route. As described in the
Introduction, long-term oral administration of amrinone has
been shown to be complicated by a number of side effects as
well as limited effectiveness. However, it is important to note
that the mean daily dose of orally administered amrinone in the
clinical study was 355mg or 1-6 mg/kg tid (4-8 mg/kg per day)
and the maximal daily dose was 600mg [6]. These doses may be
a little too high for immunosuppressive use, since the dose used
in this study appears to be equivalent to a daily dose of 244mg
(3-3 mg/kg per day) in humans. In the present study, all of the
recipient mice treated with amrinone showed good weight gain
after transplantation, and no death was observed after post-
transplantation day 2, indicating that, in mice, fatal complica-
tions did not occur at a dose of 10 or 40mg/kg per day of
amrinone.
As stated in the Introduction, the action of amrinone on

cardiac myocytes has been suspected to be based on the
inhibition of PDE-III. The inhibitory effect of amrinone on
lymphocyte activation may also be due to its inhibition of PDE,
since several investigators have established that analogues and
agents that raise intracellular cAMP inhibit the proliferation
and function of T cells [13-15]. However, whether amrinone
increases the level of intracellular cAMP at the therapeutic
plasma levels has not been clearly established. For instance, it
has been shown that amrinone, in amounts which produce a
significant increase in the force of the isolated cat atrial con-
tractions (100pg/ml), does not increase the level of cAMP in
cardiac tissue [2]. In the present study, the level of cAMP in
mouse lymphocytes was not affected significantly by treatment
with amrinone at 5 /g/ml, the concentration at which lympho-
cyte functions were suppressed. Taken together, it is doubtful
that the PDE-inhibiting action of amrinone is closely associated
with its immunosuppressive property at therapeutic plasma
levels.

Other actions of the drug may play a role in promoting
cardiac allograft survival. For instance, amrinone has been
shown to dilate vessels and thereby decrease vascular resistance
[21]. Through this vasodilator action, the drug may improve
blood supply to ischaemic parts of allografts undergoing rejec-
tion. In addition, previous research has shown that amrinone
inhibits the release of thrombin-induced, platelet-derived
growth factor-like protein from human endothelial cells [22].
The endothelial stabilizing effect may also play a role in
promoting allograft survival, since severe vasculitis was
observed in the 10-day-old cardiac allografts (Fig.2c). These
effects of amrinone on vascular function may be important in
comparing the drug with cyclosporin A (CsA), the first-choice
drug available for prevention of acute graft rejection. The
immunosuppression induced by high-dose CsA therapy may
be greater than that by therapeutic doses of amrinone. How-
ever,CsA has been shown to have a considerable number of
toxic side-effects with the main effects on both renal and
vascular function [23-24]. For instance,CsA has been shown
to provoke contraction and hyperplasia of small arteries,
together with decreased renal cortical flow and glomerular
filtration rate [25]. Therefore, amrinone may be indicated for
patients who are sensitive to the CsA toxicity, since it may act
beneficially by dilating and stabilizing the vasculature, as stated
above.

It is of note that amrinone has a direct promoting action on
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the sodium-calcium exchange channel in the plasma mem-
brane of cardiac myocytes, resulting in increased entry of
calcium ions [8]. This channel-directed action of amrinone is
independent of its PDE-inhibiting action; however, the role of
this action in its immunosuppressive effect is uncertain.

The results of the present study have demonstrated that
amrinone, at a therapeutic concentration, inhibits IL-2 and
IFN--y production during allogeneic MLC. This finding may be
in accordance with those in a previous report, which demon-
strated that amrinone suppressed tumour necrosis factor
(TNF) production by lipopolysaccharide-stimulated mouse
macrophages [11]. The expression of some cytokines, including
IFN--y, IL-2, and TNF-a, has been shown to be elevated in
organ allografts undergoing acute rejection [26,27]. These
cytokines could play a role in the pathogenesis of acute rejec-
tion through the interplay of effector cells or through direct
injury of donor organs [28]. Amrinone may promote cardiac
allograft survival by suppressing these inflammatory cytokines.

In conclusion, amrinone is a unique drug that has positive
inotropic, vasodilatory, and immunosuppressive actions. Of
course, amrinone may not be effective and, when given orally,
may provoke a number of side effects as stated in the Introduc-
tion; however, its possible clinical usefulness for prevention of
acute cardiac allograft rejection is worthy of notice and needs
further investigation.
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